The distribution of counterions in solutions of high molecular mass hyaluronic acid, in near-physiological conditions where mono-and divalent ions are simultaneously present, is studied by small angle neutron scattering and anomalous small angle x-ray scattering. The solutions contain either sodium or rubidium chloride together with varying concentrations of calcium or strontium chloride. The effects of monovalent-divalent ion exchange dominate the amplitude and the form of the counterion cloud. In the absence of divalent ions, the shape of the anomalous scattering signal from the monovalent ions is consistent with the distribution calculated from the Poisson-Boltzmann equation, as found by other workers. In mixtures of monovalent and divalent ions, however, as the divalent ion concentration increases, both the diameter and the amplitude of the monovalent ion cloud decrease. The divalent counterions always occupy the immediate neighborhood of the charged polyanion. Above a given concentration their anomalous scattering signal saturates. Even in a large excess of divalent ions, ion exchange is incomplete.
INTRODUCTION
Hyaluronic acid ͑HA͒, a copolymer of N-acetyl-D-glucosamine and D-glucuronic acid, is a high molecular weight hydrophilic polysaccharide. It has a number of biological roles. HA is a major contributor to the biomechanical properties of tissues, controls tissue hydration and water transport, influences the lubrication and viscoelastic properties of synovial fluid, serves as the structural backbone of cartilage proteoglycan assemblies, and plays a role in skeletal formation. [1] [2] [3] [4] HA is a stiff polymer, owing mainly to hydrogen bonds that connect the neighboring residues. 5 Long range electrostatic ͑Coulomb͒ repulsion favors an extended conformation. In the physiological environment HA exists almost exclusively in sodium salt form. HA is widely distributed in connective tissue and may have important effects on the distribution of ions within the body fluids, notably as an ion exchange medium. Biomechanical and hydrodynamic studies have been made as a function of the ionic strength on HA solutions, but these investigations do not address the distribution of counterions. [6] [7] [8] In view of the role played by the counterions in the above-mentioned functions, it is of importance to determine the ion distribution around the HA molecule in a near-physiological ionic milieu, i.e., in excess salt conditions in which both monovalent and divalent cations may simultaneously be present.
Much of the current understanding of the effect of ions is based on molecular dynamics modeling. These simulations have shown that in the presence of divalent counterions, short-range attractive interactions with clustering and domain formation arise. 9, 10 Simulations and density functional theory calculations also indicate that the spatial extent of the counterion cloud for highly charged rod polymers is significantly reduced in the case of divalent counterions relative to monovalent counterions. 11, 12 Monovalent counterions form a cloud surrounding the chain, and at higher ion concentration ͑i.e., when the distance between neighboring charged groups is smaller than the Bjerrum length, 7.1 Å͒, a fraction of these ions is believed to adsorb on the macroion. 13 Many studies indicate that the distribution of monovalent ions can be approximated by the Poisson-Boltzmann ͑PB͒ theory. [14] [15] [16] This theory, however, does not describe the counterion atmosphere in the presence of divalent ions, 17, 18 such as the calcium ions that are generally present in natural physiological environments. The PB theory notably neglects ion-ion correlations, 19 which produce additional attractive contributions and increase the counterion density in the close vicinity of the polyion. Consequently, the PB equation underestimates the density of the high valence counterions close to the polyion.
In this article we present measurements based on anomalous small angle x-ray scattering 20 ͑ASAXS͒ to determine the distribution of small divalent counterions around high molecular mass HA under near-physiological conditions, i.e., where monovalent counterions are also present. Rubidium and strontium are used respectively to mimic the physiological monovalent ion sodium and divalent ion, calcium. In HA solutions, increasing the concentration of alkali earth metal ions such as calcium or strontium leads to the replacement of the sodium counterions. HA is a polymer of choice for this investigation, since, in contrast to the majority of synthetic and biological polyelectrolytes, its static structure is remarkably insensitive to the presence of calcium and it does not precipitate, even at high ionic strengths. Moreover, by virtue of its lower density and less complex structural hierarchy than DNA, 21, 22 HA offers improved signal to noise ratio and is thus a more promising system for comparing experimental data with model counterion distributions. In principle, varying the wavelength of the incident x-ray beam in the vicinity of the absorption edge of the counterion yields information simultaneously on the distribution of ions and on the polymer. [20] [21] [22] [23] [24] [25] [26] [27] [28] This paper is organized as follows. We begin by describing small angle neutron scattering ͑SANS͒ results obtained for HA solutions containing different combinations of monoand divalent ions to determine the overall polymer structure in an extended length scale range and also to compare the effect of ions of different valencies and chemical nature. The ASAXS results for HA dissolved in rubidium chloride solution are then presented and the experimental findings compared with the predictions of the Poisson-Boltzmann model. The effect of divalent ions on the counterion distribution is then described in two different situations where monovalent cations are simultaneously present. In the first configuration ͑ Ca ++ /Rb + system͒ the calcium ion is nonresonant ͑mute͒ at the incident x-ray energy, i.e., the ASAXS signal is due entirely to the rubidium ions. In the second case ͑Sr ++ /Na + system͒, sodium ions constitute the mute species, while strontium is the resonant species.
THEORY

ASAXS from polymer solutions
In polyelectrolyte solutions, the scattering intensity contains a contribution from the structure factor of the polymer as well as from that of the associated counterions. [20] [21] [22] [23] [24] [25] [26] [27] [28] Unlike the case of polyelectrolytes composed of low molecular weight monomers ͑e.g., polyacrylic acid͒, however, in large biopolymer molecules the number of counterions is a small fraction of the total atoms present. A fortiori, therefore, anomalous scattering from these counterions, which in turn involves only a small fraction of their electrons, contributes only marginally to the total scattering power. To determine the counterion distribution, three approaches may be envis-aged to optimize the experimental conditions. First, the signal can be enhanced by investigating concentrated solutions. 21 Second, SAXS and SANS measurements on the same sample can be compared, 22 knowing that the relative contribution from the counterions in SANS is generally significantly smaller than in SAXS. Third, the counterion cloud can be modeled to fit the scattering data. In the present article the first of these approaches is not pursued owing to the high ionic strength needed in the solvent to compensate the polyion. The second approach provides useful information, although it calls for high accuracy in the measurements of absolute intensity. The route we adopt here is a combination of the second and third approaches.
The total scattering as a function of transfer wave vector q ͑q = ͑4 / ͓͒sin͑ /2͔͒ where is the incident wavelength and the scattering angle͒ can be defined in terms of the electron density differences b j between the solvent and each component j of the solution
where r 0 ͑2.818ϫ 10 −13 cm͒ is the classical radius of the electron, b p = ͑ p − s ͒ and b c = ͑ c ͑E͒ − s ͒ are the differences in electron density between the polymer ͑p͒ and solvent ͑s͒ and between the counterion cloud ͑c͒ and solvent, respectively, and S jk ͑q͒ are the partial structure factors, in which j and k represent either the polymer or the ion cloud. R͑x͒ denotes the real part of x. At the physiological conditions investigated here, the sodium and chlorine ions in the solution contribute negligibly to the electronic density of the bulk solvent, which can therefore be taken to consist of pure water. The electron density of water is
where N A is Avogadro's number, Z͑=10͒ is the number of electrons in the water molecule, and 0 is its molar volume. An equivalent expression holds for p , namely,
where Z p ͑=199͒ and M p ͑=378͒ are the electron number and molar mass of the ionized HA repeating unit, while d p is the mass density of the polymer. For the counterions, c is a complex quantity with a small imaginary component,
In this expression, the f 0 , fЈ, and fЉ are, respectively, the energy-independent number of electrons, and the real and imaginary number of energy-dependent electrons in the counterion. The volume of the counterion, c =4r c 3 /3, is defined by its radius r c . In the vicinity of the absorption edge, fЈ and fЉ, and hence b c , vary with the energy E of the incident x-ray beam: on increasing E below the absorption threshold, fЈ decreases while fЉ increases. The contrast b c between the counterions and the solvent thus varies, while that between polymer and solvent, b p , remains constant. To evaluate the partial structure factors S jk ͑q͒, an estimate must first be made of the relative size of the different contrast coefficients b j .
For the calculation of b p we take for the density of HA d p = 1.60 g / cm 3 , in agreement with values found in the literature. 29 This yields b p = 1.73ϫ 10 23 e /cm 3 . b c is more complicated. In common with other workers, 24 we take the ionic radius r c to be that obtained from crystallographic data. Although this assumption neglects the hydration layer surrounding the solvated ion, it is a useful basis for comparing the magnitudes of b. To proceed, we use the strontium ion as an illustration, bearing in mind that the results for rubidium turn out to be little different when adjusted for the appropriate energy range. For Sr ++ , f 0 = 36, while the ionic radius is r c = 1.12 Å. At the reference energy used for strontium in this work, 15.8 keV, fЈ = −3.38 and fЉ = 0.54. 30 Closer to the edge, at 16.102 keV, fЈ = −7.72 and fЉ = 1.43. At E = 15.8 keV these values yield R͑b c ͒ = 5.21ϫ 10 24 e /cm 3 and R͑b c 2 ͒ = 2.71ϫ 10 49 e 2 /cm 6 
The measurement of the intensity of the scattering spectrum of the same sample at two different energies E 1 and E 2 gives for the intensity difference
For strontium ions at the energies under consideration, this may be expressed numerically as follows:
The last term in Eq. ͑3b͒, stemming from the imaginary part of the electron response, amounts to less than 1% of the total contribution to S cc ͑q͒, and can accordingly be neglected. It has been shown 31 that under conditions of high q or low concentration, where intermolecular interactions are weak, the partial structure factors may be expressed as a product of the separate radial scattering amplitudes a j ͑q͒ of each component. Thus
where the factor 1 / q accounts for the linear nature of the chain. The expression for the scattering intensity at the reference energy E 1 thus becomes
On setting ⌬b = ⌬fЈ / c , the amplitude of the counterion cloud can be expressed as
͑6͒
Since, physically, a c and a p must have the same sign, the negative solution is required. We may therefore define a relative amplitude ␣ c ͑q͒ of the counterion cloud
Insofar as ⌬I͑q͒ / I͑q͒ Ӷ 1, this yields
in which the E 1 and E 2 implicit in this equation are respectively the reference energy measured far below the absorption edge and that just below the edge, where the anomalous effects are most pronounced. 15, 31 Use of high molecular weight polymers above the overlap concentration ensures that the chain fractions between entanglements are locally rodlike over a length exceeding the counter-ion cloud thickness and that they possess a large number of charged subunits.
Small angle neutron scattering
SANS measurements yield information complementary to that of SAXS. Owing to the longer wavelength of the neutron beam, smaller values of transfer wave vector q can be explored, thus probing any larger scale structures that may be present in the system. Furthermore, SANS measurements allow corroboration of the SAXS results, particularly to verify that the signal below the absorption threshold is not perturbed by residual ionic effects, and determination of structural changes in an extended range of q vectors, i.e., in the present study the equivalence of strontium and calcium ions as well as that of rubidium and sodium.
For SANS, an expression similar to Eq. ͑1͒ holds, but the contrast factors are defined in terms, not of the electron density, but of the neutron scattering length density of the solvent and the polymer or the counterion environment. 32 In this case, the scattering intensity is dominated by the first term in Eq. ͑1͒ because the contribution from the nuclei of the ions is weak. Thus, making SANS and ASAXS measurements on the same polymer sample provides a valuable means of discriminating between the signals arising, on the one hand, from the polymer structure alone and, on the other hand, from the counterion cloud.
It has previously been observed that the scattering response of semidilute high molecular weight neutralised polyelectrolyte solutions behaves similarly to a set of interconnected rods of length L and of cross-sectional radius r c . 33 Furthermore, at small values of q the scattering response from polyelectrolyte solutions is generally dominated by additional scattering from the surfaces of large domains, displaying a power law dependence. Thus
where ⌬ is the neutron contrast between polymer and solvent, k B is the Boltzmann constant, T is the absolute temperature, K os is the osmotic modulus, and is the polymer volume fraction. The exponent s ͑3 Ͻ s ഛ 4͒ describes the scattering from the surface of the large domains.
EXPERIMENTAL SECTION
Materials and methods
Sample preparation
Solutions of sodium hyaluronate ͑HA, Sigma M w = 1.2 ϫ 10 6 , M w / M n = 1.5͒ were prepared in H 2 O containing 100 mM NaCl. SANS measurements were made in a 92% H 2 O/8% D 2 O v/v mixture. For this solvent the mean scattering length density is zero. To optimize the signal, the solutions were prepared at 4% ͑w/w͒ HA. Above this concentration, HA solutions exhibit physical gelation, even in the absence of divalent cations. The sodium chloride concentration and pH͑=7͒ were identical in all samples. The RbHA samples were prepared by first dissolving HA in a 100 mM RbCl aqueous solution. This solution was then dialyzed against a 100 mM RbCl solution to remove the sodium ions. Monovalent ion concentrations were set at 100 mM, either with RbCl or NaCl ͑denoted RbHA and NaHA, respec-tively͒. Divalent salt concentrations, CaCl 2 or SrCl 2 ͑RbHACa/ NaHASr͒, were varied in the range of 0 -100 mM. The use of the same anion throughout, Cl − , minimized the number of participating chemical components. The solutions were allowed to come to equilibrium, as determined from the intensity of the static light scattering signal ͑two to three days͒. Table I lists the composition of the samples investigated in the ASAXS measurements, as well as those probed by SANS.
ASAXS
The ASAXS measurements were made on the BM2 beam line at the European Synchrotron Radiation Facility ͑ESRF͒. The resolution of the two-dimensional ͑2D͒ charge coupled device ͑CCD͒ detector was 50 m. Corrections were made for dark counts and camera distortion. The measured intensities were normalized using a standard polyethylene sample ͑Lupolen͒ of known scattering cross section. The transfer wave vector range explored was 0.008 Å −1 ഛ q ഛ 1.0 Å −1 . The upper limit q max defines the spatial resolution that can be achieved in this type of measurement. To limit radiation damage effects, sequences of exposure times were limited to 20 s and the position of the beam in the sample was changed at each successive energy. No detectable radiation damage effects were found in any of the samples.
At the high values of q explored in this investigation, solvent background corrections are of paramount concern, particularly owing to the fluorescent signal generated close to the absorption edge. The background correction procedure followed here consisted in subtracting the signal from a solution having the same ionic composition and concentration as the sample. To maintain the sample thickness identical as closely as possible to that of the background solution, the specimens were held between mica windows of thickness 25 m separated by a 2 mm Teflon washer. Residual differences in thickness appeared in the form of an additional fluorescent background that was corrected by subtracting a small q-independent intensity ͑approximately 1% of the back-ground͒ from the base line. The SAXS measurements were made at six energies below the absorption edge ͑15.1997 keV͒ of rubidium: 14.900, 15.08, 15.15, 15.18, 15.193, and 15.197 
SANS
The SANS measurements were made on the NG3 instrument at the National Institute of Standards and Technology at an incident wavelength of 8 Å. The explored wave vector range was 0.003 Å −1 ഛ q ഛ 0.15 Å −1 . After azimuthal averaging of the SANS spectra, corrections for detector response, cell windows, and incoherent scattering were applied.
RESULTS AND DISCUSSION
SANS
SANS yields information on the structure of the polymer in solution and its variation due to changes in the interaction with the surrounding molecules. In solutions of charged polymers, the conformation is governed by electrostatic forces. In general, changes in the ionic environment ͑ion valence, ion concentration, etc.͒ modify the polymer organization, which are therefore reflected in the scattering response. Figure 1 shows the combined SANS and SAXS responses of the 4% HA solutions in different ionic environments. The SAXS spectra from the RbHA and NaHA solutions were measured at 14.900 keV and those of NaHACa100 and Na-HASr100 at 15.8 keV. Both of these responses correspond to energies at which anomalous scattering effects can be considered negligible. The SANS and SAXS data overlap, and in this region the intensities are in excellent agreement. The spectra from the NaHA and RbHA solutions, containing respectively 100 mM NaCl and 100 mM RbCl, are identical within the experimental uncertainty. The same is true for the spectra from the NaHACa100 and NaHASr100 solutions containing 100 mM NaCl with either 100 mM CaCl 2 or 100 mM SrCl 2 . As far as the polymer structure is concerned, therefore, it can be concluded that sodium and rubidium ions, on the one hand, and calcium and strontium ions, on the other, are mutually equivalent. In the region q Ͼ 0.1 Å −1 , where the scattering is defined principally by the crosssectional radius of the polymer chain, the scattering curves from all the samples converge and decrease quasilinearly. Close to 0.1 Å −1 a shoulder is apparent, below which a strong upturn in the intensity occurs. The latter is a common feature in polyelectrolyte solutions and is usually attributed to domain formation. In this region, the spectra of the solutions with divalent ions differ from those containing monovalent ions alone. In Fig. 1 the calculation of the scattering contrasts was obtained, assuming 1.60 g / cm 3 for the density of HA, as in the calculation of the electron density contrast. Residual differences between the SANS and SAXS intensities were less than 5% and were corrected by a simple normalization factor. The weak variation of the shape of the scattering curves with ionic composition in the high-q region with an ionic composition is favorable for ASAXS observations, in which the scattering from the ions must be separated from that of the polymer.
ASAXS measurements in HA solutions with Rb ions
Monte Carlo and molecular dynamics simulations have shown that in polyelectrolyte solutions divalent cations are concentrated in the vicinity of the negatively charged polymer chain, while monovalent cations, which form a more extended ion cloud, tend to move virtually freely throughout the entire solution. In mixtures of mono-and divalent cations, however, the situation is more complicated, since the ion distribution is perturbed by the exchange of the monovalent by the divalent counterions. This condition is of particular importance in biological systems, where charged macromolecules are exposed to an environment containing both sodium and calcium ions.
In this section we investigate the distribution of monovalent ions in the HA solutions in the absence of divalent ions. The concentration of the monovalent salt, in this case rubidium chloride, is set at 100 mM. In this solution, as under physiological conditions, the HA molecules are fully dissociated. The conditions investigated all correspond to those under which the Manning theory predicts counterion condensation. 13 The characteristic length scale for the ion cloud distribution is its cross-sectional radius. To evaluate these short characteristic distance scales, ASAXS measurements extending to q Ϸ 1 Å −1 are therefore necessary.
As already stated, the intensity of the anomalous scattering component is small. Figure 2 shows the signal from a RbHA solution at three different energies, 14.9, 15.180, and 15.193 keV. The data are plotted in the representation qI͑q͒ vs q in order to reduce the vertical scale and make the differences more visible. As the incident x-ray energy increases towards the absorption edge of rubidium, the change in effective electron number of the resonant ions decreases more markedly towards its minimum value, and the intensity from RbHA accordingly decreases. As expected, therefore, at low q the higher energy measurements lie below the spectrum measured at 14.9 keV. At the high q end of the spectrum, however, the differences among the responses tend to vanish.
As indicated in the theoretical section, the scattering amplitude of the radial distribution of the ions is governed by the difference between the spectra measured at two energies, normalized by the square root of the reference signal. The resulting scattering amplitude ␣ c ͑q͒ is the Fourier transform of the corresponding ion cloud, and its functional form reflects the shape and radial extent of the counterion distribution. Note that since the amplitude ␣ c ͑q͒ is the square root of an intensity, its units are expressed in cm −1/2 . In Fig. 3 
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Ion distribution around a polyelectrolyte J. Chem. Phys. 125, 234904 ͑2006͒ ␣ Rb ͑q͒ follows a power law with exponent −1, which is greater than that ͑−1/2͒ expressed in Eq. ͑7͒. This discrepancy is not due to neglect of the higher order terms in Eq. ͑8͒, as the difference between the two expressions is too small to be distinguishable in Fig. 3 . While it is conceivable that the stronger than expected slope is related to intermolecular effects due to the finite concentration of the solution, its insensitivity to ionic strength suggests otherwise. For the present purposes, however, it is not the power law ͑which possesses no intrinsic length scale͒ itself but deviations from power law behavior that are important, since these express the radial component of the distribution. The continuous downturn of the curve with increasing q is thus the footprint of the resonant counterion cloud surrounding the polymer chains.
The results in Fig. 3͑a͒ may be compared with theoretical estimates of the ion density distribution ͑r͒. The radial amplitude term a c ͑q͒ of Eq. ͑6͒ can be deduced from a model in which the counterions are confined in cylindrical cells of radius R, the size of which is defined by the polymer concentration. 31 The observed amplitude ␣ c ͑q͒ appearing in Eq. ͑7͒ is then given by the two-dimensional Fourier transform
where J 0 ͑qr͒ is the cylindrical Bessel function of order zero. ͓In Eq. ͑10͒, for conformity with the present experimental observations, the amplitude ␣ c is divided by q rather than by q 1/2 .͔ For monovalent ions, the radial concentration profile ͑r͒ is conveniently modeled by the Poisson-Boltzmann distribution. 34, 35 The continuous line through data set ͑a͒ of Fig. 3 shows that the shape of the resulting calculated scattering amplitude is in reasonable agreement with the experimental results. An estimate of the numerical value of the radius of gyration of this cloud, obtained by fitting a Guinier expression to the experimental data in region q Ͻ 0.06 Å −1 , yields r G = 15± 2 Å. On taking the cross-sectional radius of the HA molecule n 0 = 5.2 Å, this finding indicates that the effective thickness of the counterion cloud is approximately 10 Å.
ASAXS measurements in HA solutions containing both mono-and divalent ions
Since charged polymers preferentially adsorb multivalent ions, 36, 37 the electrostatic potential experienced by the displaced monovalent cations is strongly screened and the simple Poisson-Boltzmann model is no longer valid. Although several direct experimental observations either of monovalent ions or of divalent ions alone have been reported, [20] [21] [22] [23] [24] [25] [26] [27] [28] 30 these results are not necessarily relevant when both species are simultaneously present. To investigate the ion distribution in the presence of divalent ions, we evoke two different configurations. In the first, the sample contains 100 mM NaCl with varying amounts of SrCl 2 ͑Na-HASr10 to NaHASr100͒. For these samples, the divalent ion distribution is determined by performing a set of ASAXS measurements at different energies below the absorption edge of strontium. In the second configuration, the system contains 100 mM RbCl together with varying amounts of CaCl 2 ͑RbHACa10 to RbHACa100͒. Here, the ASAXS measurements probe the monovalent cation cloud. Figure 4 shows the SAXS amplitude ␣ Sr ͑q͒ of the strontium signal for NaHASr100, obtained in the same way as described above. The defining energies are E 1 = 15.8 keV and E 2 = 16.102 keV. As the rubidium case, at low q the data obey a power law with exponent −1. At high q, however, a strong downturn is observed. It is qualitatively different from the scattering response of the RbHA solution in the absence of divalent ions ͓Fig. 3͑a͔͒. The shape of the NaHASr100 response curves ͑as well as those of lower strontium concen-tration͒ resembles instead that of a cylinder having a well defined cross-sectional radius. This finding implies that the strontium ions lie close to the polyanion. To model the measurements in a manner consistent with the previous results, the data are fitted to the expression for the scattering amplitude of a solid cylinder of radius r c , together with a factor q −1 , i.e., 
where J 1 ͑qr c ͒ is the cylindrical Bessel function of order 1. The continuous line in Fig. 4 is the resulting fit. The values found for r c are 7.5± 1.0 Å for all the strontium chloride concentrations studied. This result is appreciably greater than the effective cross-sectional radius found for HA from SANS ͑r 0 Ϸ 5.2 Å͒ and corroborates the conclusion that the Sr counterions move in the close vicinity of the polymer backbone. The finding is consistent not only with ASAXS results on another stiff polyelectrolyte molecule, DNA, where the divalent cations were also found to remain close to the polyanion, even in conditions of excess monovalent ions, 22 but also with measurements performed with divalent ions alone. 16, 21 For comparison, the dashed curve shown in this figure is the amplitude ␣ m ͑q͒ for the monovalent case, i.e., the Poisson-Boltzmann distribution of Fig. 3͑a͒ . The anomalous scattering amplitude ␣ Sr ͑q͒, measured at q = 0.01 Å −1 , is shown in Fig. 5 as a function of the SrCl 2 content. At this value of q, where the asymptotic power law regime is recovered, the different amplitudes ␣ Sr ͑q͒ may legitimately be compared. Although the estimated errors are large, the effect of saturation in the divalent-monovalent ion exchange process is clearly visible. These findings are closely analogous to the phenomenon of calcium saturation, measured by elemental analysis of the calcium-sodium exchange in polyacrylic acid gels. 38 We now turn to the second configuration, in which resonant monovalent counterions coexist with mute divalent cations. In this case ASAXS measurements are made on complementary samples in which rubidium is the monovalent and calcium the divalent ion. The amplitude factor ␣ Rb ͑q͒ is then insensitive to the scattering intensity of the calcium and reflects only the rubidium ion distribution. The resulting values of ␣ Rb ͑q͒ for RbHASr50 and RbHASr100 are compared in Fig. 3 ͓data sets ͑b͒ and ͑c͔͒, along with the corresponding divalent ion-free sample RbHA ͑a͒. For clarity, each successive data set in this figure has been shifted vertically by one decade. The continuous line through the RbHASr50 data, which is the same as that for RbHA, adjusted for the different amplitudes, shows that the Poisson-Boltzmann fit is poorer when divalent ions are present.
An inspection of Fig. 3 reveals two important features. First, the characteristic curvature of ␣ Rb ͑q͒, which describes the extent of the monovalent ion cloud, gradually disappears, giving way to practically straight line behavior at 100 mM CaCl 2 . Its amplitude also decreases. These results imply that the thickness of the rubidium ion cloud decreases with increasing calcium concentration; i.e., the radial distribution of the counterions crowds closer to the axis. This observation is consistent with a reduction of the Debye-Hückel screening length with increasing ionic strength in the solution. Second, although the amplitude of the ␣ Rb ͑q͒ curves decreases with increasing calcium content, it does not vanish. Even when the divalent ion content exceeds the stoichiometric concentration by more than an order of magnitude, the monovalent counterion cloud is still detectable. Figure 6 shows the variation of ␣ Rb ͑q͒ for rubidium as a function of calcium content. Although the data are subject to experimental noise, ␣ Rb ͑q͒ appears as a weakly decreasing function of calcium content. The straight line through the data in this figure is an exponential decay with an attenuation coefficient defined by a characteristic CaCl 2 concentration equal to 140 mM.
The schematic diagram of Fig. 7 summarizes the findings of this investigation. In the absence of divalent ions, the distribution of monovalent counterions follows a Poisson-Boltzmann law as a function of radial distance r, illustrated by the dashed curve of the figure. The presence of divalent ions causes the monovalent counterion distribution to move closer to the axis. In contrast, divalent counterions always move in close proximity to the polymer chain, with a radial distribution function that can be approximated by a cylindrical shell around the polymer chain ͑continuous line͒.
CONCLUSIONS
Anomalous SAXS measurements are used to probe the ion cloud distribution in semidilute solutions of hyaluronic acid containing both mono-and divalent cations in the presence of added salt. The ionic conditions prevailing in physiological systems were mimicked by using rubidium or strontium ions in place of sodium and calcium. SANS measurements ascertained that this ion substitution causes no detectable changes in the structure of the HA solution. The main findings are as follows.
͑1͒ In the absence of divalent ions, the shape of the anomalous scattering amplitude ␣ c ͑q͒ is consistent with the ion distribution calculated from the Poisson-Boltzmann equation, as has been found by other workers. ͑2͒ In monovalent-divalent ion mixtures, divalent counterions preferentially occupy the immediate vicinity of the charged polyanion. This finding is in agreement with results reported for DNA solutions in the presence of mono and divalent counterions. 22 The effective radius of the divalent ion sheath is 7.5± 1.0 Å. ͑3͒ The amplitude of the divalent ion signal tends to saturate at high divalent ion content. ͑4͒ Both the effective diameter and the amplitude of the monovalent ion cloud decrease with increasing divalent ion concentration. Even in a large excess of divalent ions, ion exchange is incomplete.
